Abstract. Myocardial ischemia/reperfusion (I/R) injury is a major pathological process in coronary heart disease and cardiac surgery, and is associated with aberrant microRNA (miR) expression. Previous studies have demonstrated that inhibition of miR-15a expression may ameliorate I/R-induced myocardial injury. In the present study, the potential role and underlying mechanism of miR-15a in hypoxia/reoxygenation-induced apoptosis of cardiomyocytes was investigated. Myocardial I/R was simulated in cultured H9c2 cells by 24 h hypoxia followed by 24 h reoxygenation. Using recombinant lentivirus vectors, the inhibition of miR-15a was indicated to significantly reduce cardiomyocyte apoptosis and release of lactate dehydrogenase and malondialdehyde. Conversely, upregulated miR-15a expression was pro-apoptotic. Mothers against decapentaplegic homolog 7 (SMAD7) was identified by bioinformatics analysis as a potential target of miR-15a. Luciferase reporter assays and western blotting for endogenous SMAD7 protein indicated that miR-15a inhibited SMAD7 expression via its 3'-untranslated region. Nuclear levels of nuclear factor-κB (NF-κB) p65 were increased by miR-15a expression and decreased by miR-15a inhibition, which is consistent with the possibility that the inhibition of SMAD7 by miR-15a results in NF-κB activation. These findings suggested that the therapeutic effects of miR-15a inhibition on I/R injury may potentially be explained by its ability to release SMAD-7-dependent NF-κB inhibition. This may provide evidence for miR-15a as a potential therapeutic target for the treatment of cardiac I/R injury.
Introduction
Coronary heart disease, particularly acute myocardial infarction, is one of the leading causes of human morbidity and mortality. Myocardial ischemia/reperfusion (I/R) has been identified as a major pathological process that contributes to further damage to myocardial tissues in patients with coronary heart disease, including patients who require extracorporeal circulation surgery, off-pump coronary artery bypass surgery or percutaneous coronary intervention (1) . The underlying mechanisms of myocardial I/R injury have been demonstrated to involve intracellular overload of calcium, excessive production of free radicals, impaired function of mitochondria and the endoplasmic reticulum, and exaggerated inflammation (2, 3) . All of these mechanisms induce cardiomyocyte apoptosis and may eventually lead to the development of heart failure (4).
MicroR NAs (m i R NAs/m i Rs) a re a fa m ily of single-stranded, small non-protein-coding RNAs of ~22 nt that regulate gene expression post-transcriptionally by degrading or inhibiting target miRNAs (5, 6) . Many previous studies indicated that miRNAs serve significant roles in cardiovascular diseases, including myocardial I/R injury (7), myocardial hypertrophy (8) , arrhythmia (9) and heart failure (10) . For example, miR-499 inhibits cardiomyocyte apoptosis by suppressing calcineurin-mediated dephosphorylation of dynamin-related protein 1 via targeting of α-and β-isoforms of the calcineurin catalytic subunit (11) , whereas overexpression of miR-320 increases the infarction size in mouse hearts and enhances cardiomyocyte apoptosis by targeting heat shock protein 20 (12) . Additionally, miR-214 is upregulated during I/R injury, and knockdown of miR-214 decreases cardiac contractility and increases cardiomyocyte apoptosis in response to I/R injury (13) . The cardioprotective effect of miR-214 is attributed to the suppression of sodium/calcium exchanger 1 and inhibition of the downstream Ca 2+ signaling pathway (13) . Furthermore, transduction of an miR-125b-expressing lentivirus into mouse hearts attenuates I/R-induced apoptosis by decreasing the levels of p53, B-cell lymphoma 2 (Bcl2)-antagonist/killer-1, Bcl2-associated X protein, Fas and tumor necrosis factor receptor-associated factor 6 (14) .
In addition, miRNAs have well-established roles in cancer. miR-15a, which is known to suppress proliferation and increase the apoptosis of tumor cells, is involved in the pathogenesis of many types of cancer, including pituitary tumors, colorectal cancers and non-small cell lung cancer (15) (16) (17) . In human liver cells, miR-15a has been demonstrated to target mothers against decapentaplegic homolog 7 (SMAD7) (18) . A microarray assay additionally indicated that miR-15a is upregulated in an animal model of I/R injury (19) . However, the detailed mechanisms of how miR-15a may be involved in cardiac I/R injury are not well established.
SMAD proteins were initially identified as key downstream effectors in the transforming growth factor-β1 (TGF-β1) signaling pathway (20) . For example, upon phosphorylation by TGF-β type I receptor, SMAD2/SMAD4 translocates to the nucleus to promote downstream gene transcription (21) . However, SMAD7 serves as an inhibitory molecule by blocking TGF-β1-induced SMAD activation and interfering with the interactions between other SMAD proteins and receptors (21) . Furthermore, SMAD7 blocks nuclear factor-κB (NF-κB) activation by increasing inhibitor of NF-κB (IκB) production (22) . A recent study indicated that upregulated levels of SMAD7 decreases NF-κB protein levels and attenuates hypoxia/reoxygenation (H/R)-induced cardiomyocyte apoptosis (23) .
In the present study, the expression of miR-15a and its role in myocardial injury and apoptosis induced by H/R in cultured H9c2 rat cardiomyocytes were examined. The results suggested that miR-15a induces H/R-induced apoptosis of cardiomyocytes by targeting SMAD7; therefore, inhibition of miR-15a may have therapeutic benefits.
Materials and methods
Cell culture. H9c2 rat cardiomyoblasts (Cell Bank of the Chinese Academy of Sciences, Shanghai, China) were cultured at 37˚C in 5% CO 2 
Reverse transcription-quantitative polymerase chain reaction (RT-qPCR).
Total RNA, including miRNA, was extracted using TRIzol ® reagent (Invitrogen; Thermo Fisher Scientific, Inc.) according to the manufacturer's protocol. Reverse transcriptase and oligo (dT) primers were employed to synthesize cDNA from 5 µg total RNA in a volume of 12 µl, and then the reaction mixture was finally adjusted to 20 µl for RT-qPCR. RT-qPCR analysis was performed on a Rotor-Gene 3000 real-time cDNA detection system (Qiagen, Inc., Valencia, CA, USA) to examine the expression of miR-15a with SYBR ® -Green (Invitrogen; Thermo Fisher Scientific, Inc.). qPCR was performed under the following conditions: Initiation at 95˚C for 2 min, followed by 40 cycles of denaturation at 95˚C for 10 sec; annealing at 60˚C for 30 sec; and extension at 70˚C for 45 sec. The quantitation cycle (Cq) value was set within the exponential phase of PCR and normalized against a U6 housekeeping gene (24) . The following primer sequences were used: rno-miR-15a-5p-RT, CTC AAC TGG TGT CGT GGA GTC GGC AAT TCA GTT GAG AAA CCA TT (reverse primer); rno-miR-15a-5p-F, AGC TGG GTA GCA GCA CAT AAT GGT TT (forward primer).
Western blot analysis. Cell lysates were extracted by centrifugation at 12,000 x g for 15 min at 4˚C. Whole lysates isolated from cultured H9c2 cells were prepared in ice cold lysis buffer (BioTeke Corporation, Beijing, China) with protease inhibitors (Pierce; Thermo Fisher Scientific, Inc.) Protein concentration was measured by performing a bicinchoninic assay (Thermo Fisher Scientific, Inc.) according to the manufacturer's instructions. Subsequently, 20 mg/well protein was separated by 10% SDS-PAGE and transferred to polyvinylidene fluoride membranes. The membranes were blocked in 5% non-fat milk and Tris-buffered saline with 0.05% Tween-20 at room temperature for 1 h prior to incubation with primary antibodies against SMAD7 (cat. no. bs-0566R; 1:1,000; BIOSS, Beijing, China), NF-κB (cat. no. AN365-1; 1:1,000; Beyotime Institute of Biotechnology, Haimen, China), GAPDH (cat. no. ab-9485; 1:2,500; Abcam, Cambridge, UK) or lamin B1 (cat. no. ab-16048; 1:1,000; Abcam) at 4˚C overnight, followed by incubation with the horseradish peroxidase-conjugated goat anti-rabbit secondary antibody (catalog no. ab-6721; 1:1,000; Abcam) for 1 h at room temperature. Bands were visualized using an Enhanced Chemiluminescence kit (EMD Millipore, Billerica, MA, USA) according to the manufacturer's instructions, with GAPDH as the control. Nuclear NF-κB was normalized to lamin B1 as a loading control. Experiments were repeated three times and the band intensity was quantified using Image-Pro Plus 6.0 (Media Cybernetics, Inc., Rockville, MD, USA).
Measurement of cell injury and apoptosis.
Cell injury was assessed by measuring the concentrations of lactate dehydrogenase (LDH) and malonaldehyde (MDA) in the culture medium using detection kits LDH Cytotoxicity Assay and Lipid Peroxidation MDA Assay kits (Beyotime Institute of Biotechnology). Cell apoptosis was detected by Annexin V-phycoerythrin (PE)/7-aminoactinomycin D (AAD) dual staining. Briefly, following washing twice with PBS, the cells were resuspended in binding buffer. The cells were stained using an Annexin V-PE/7-AAD apoptosis kit (Nanjing KeyGen Biotech Co., Ltd., Nanjing, China) according to the manufacturer's instructions, and then examined using a fluorescence microscope (IX51; Olympus Corporation, Tokyo, Japan). Undyed cells, cells under H/R conditions and cells transfected with lentivirus PDS019 under H/R conditions were used as a blank control, positive control and negative control, respectively. Subsequently, the cells were assayed with a flow cytometer (BD Biosciences, Franklin Lakes, NJ, USA).
Luciferase assays. Putative miR-15a target was predicted by bioinformatics analysis using MiRanda (http://www.microrna. org), miRDB (http://www.mirdb.org/miRDB/), miRwalk (http:// zmf.umm.uni-heidelberg.de/apps/zmf/mirwalk2/) and TargetScan (http://www.targetscan.org). Following transfection of miR-15a or anti-miR-15a into H9c2 cells, both the CL358-SMAD7-3'UTR-WT (wild-type) and CL440-SMAD7-3'UTR-MU (mutant type) vector expressing firefly luciferase, and the pRL-cmv vector expressing Renilla luciferase (GeneChem, Co., Ltd., Shanghai, China) were co-transfected using Lipofectamine ® 2000 (Invitrogen; Thermo Fisher Scientific, Inc.). Luciferase activity was measured with the Dual Luciferase Reporter Assay system (Promega Corporation, Madison, WI, USA) and Renilla luciferase activity served as an internal control.
Statistics and data analysis. Data are presented as the mean ± standard deviation. Student's t-test and one-way analysis of variance followed by Tukey post hoc tests were used for statistical analysis. P<0.05 was considered to indicate a statistically significant difference. SPSS software (version 19.0; IBM SPSS, Armonk, MY, USA) was employed in statistical analyses. All experiments were performed at least three times.
Results

Upregulation of miR-15a expression in response to H/R in H9c2 cells.
To identify the potential role of miR-15a in H/R, myocardial I/R injury was simulated by exposing H9c2 rat cardiomyoblasts to 24 h hypoxia, followed by 24 h reoxygenation. The expression of miR-15a was subsequently measured by RT-qPCR. The results demonstrated that miR-15a expression was significantly increased compared with the normoxia group (Fig. 1) . These results are consistent with microarray assays indicating that miR-15a is upregulated in an animal model of I/R injury (17) . On the basis of these findings, it was hypothesized that miR-15a may serve a role in the H/R response in H9c2 cells.
Inhibition of miR-15a protects H9c2 cells and reduces H/R-induced cell apoptosis.
To directly determine whether miR-15a is involved in the H/R response in H9c2 cells, a lentivirus expressing miR-15a and anti-miR-15a was prepared. Transduction with the lentivirus expressing miR-15a significantly increased miR-15a levels in H9c2 cells under H/R conditions. Conversely, anti-miR-15a markedly decreased the levels of miR-15a ( Fig. 2A) .
To determine the effects of modulating miR-15 levels on H9c2 cell growth, the effects of the lentiviruses on LDH and MDA release into the culture media were assessed. H/R significantly increased LDH release (OD, 0.632±0.007 vs. 0.329±0.012 in normoxia condition; P<0.01; Fig. 2B) . Results were normalized to U6 and expressed as the fold change relative to the control (non-transfected H/R-treated cells). ** P<0.01 vs. H/R. (B) LDH release of control H9c2 cells, cells exposed to H/R, and cells exposed to H/R following transfection with a control lentivirus (NC+H/R), a miR-15a-expressing lentivirus (miR-15a+H/R) or an anti-miR-15a-expressing virus (anti-miR-15a+H/R Furthermore, overexpression of miR-15a further increased LDH levels induced by H/R (OD, 0.747±0.007; P<0.01 vs. the H/R group), whereas anti-miR-15a significantly decreased LDH levels induced by H/R (OD, 0.393±0.012; P<0.01 vs. the H/R group). In addition, H/R treatment raised MDA levels (8.381±0.771 vs. 4.486±0.437 nmol/mg protein under normoxic conditions; P<0.01). MDA release was further increased by miR-15a overexpression (9.979±1.190 nmol/mg protein; P<0.05 vs. the H/R group), but was significantly suppressed by anti-miR-15a expression (5.324±0.263 nmol/mg protein, P<0.01 vs. the H/R group; Fig. 2C ). These results suggested that miR-15a expression inversely correlates with H9c2 cell growth under conditions of H/R, and that inhibition of miR-15a has protective effects against H/R-induced cellular damage.
To further determine whether the regulation of cell growth by miR-15a occurs at the level of cell apoptosis, Annexin V-PE/7-AAD dual staining was performed. As expected, apoptosis levels were greater in H/R-treated cells than in control normoxia H9c2 cells (8.150±0.070% vs. 2.72±0.093%; P<0.01; Fig. 3A and B) . Furthermore, miR-15a expression increased the apoptosis rate (13.250±0.105%; P<0.01 vs. the H/R group), whereas anti-miR-15a expression decreased the apoptosis rate (5.050±0.407%; P<0.01 vs. the H/R group). Taken together, these results indicated that inhibition of miR-15a protects H9c2 cells against H/R-induced apoptosis.
SMAD7 is a target of miR-15a whose regulation correlates inversely with NF-κB translocation.
To further elucidate the mechanism of miR-15a in myocardial I/R injury, bioinformatics analysis was performed using MiRanda (http://www.microrna. org), miRDB (http://www.mirbd.org/miRDB/), miRwalk (http://zmf.umm.uni-heidelberg.de/apps/zmf/mirwalk2/) and TargetScan (http://www.targetscan.org). The results demonstrated that the SMAD7 3'-untranslated region (UTR) has a conserved binding site for miR-15a (Fig. 4A) . To confirm that SMAD7 is a target of miR-15a in H9c2 cells, a firefly luciferase reporter plasmid was constructed by cloning the 3'-UTR SMAD7 segment harboring the miR-15a binding sequence (SMAD7 3'-UTR) or a mutated miR-15a binding site (SMAD7 3'-UTR-Mut). The current results indicated that miR-15a overexpression significantly reduced the activity of the wild-type luciferase reporter, but not the mutant luciferase reporter (Fig. 4B) .
To verify the ability of miR-15a to regulate the expression of SMAD7, the levels of endogenous SMAD7 protein in H/R-treated H9c2 cells were assessed following expression of miR-15a or anti-miR-15a. Overexpression of miR-15a significantly downregulated SMAD7, whereas anti-miR-15a expression upregulated SMAD7 (Fig. 4C) . These results demonstrated the miR-15a regulates SMAD7 and that inhibition of miR-15a may release its repression of SMAD7 under conditions of H/R.
Based on a previous study demonstrating that SMAD7 protects against apoptosis by inhibiting NF-κB activation (23), the effects of miR-15a on the SMAD7/NF-κB p65 signaling pathway were investigated by western blot. Protein expression levels of cytosolic NF-κB p65 remained unaltered following miR-15a or anti-miR-15a transfection (Fig. 4D) . However, nuclear NF-κB p65 protein expression levels were significantly increased by miR-15a ectopic expression and inhibited by anti-miR-15a expression (Fig. 4E) . Therefore, the present results suggested that miR-15a targeting of SMAD7 in H/R-induced H9c2 cells correlates with activation of NF-κBp65, whereas inhibition of miR-15a releases SMAD7 and ameliorates cell injury, potentially via restoration of SMAD7-dependent NF-κB p65 inhibition.
Discussion
Myocardial apoptosis serves a critical role in myocardial I/R injury (25) ; however, the mechanisms underlying the associated pathological alterations remain unclear. At the cellular level, I/R injury often results in myocardial apoptosis, and multiple miRNAs are known to be involved in the pathological process. In the current study, the potential role of miR-15a in myocardial I/R injury was investigated in vitro, and a miR-15a-controlled apoptotic signaling pathway involving SMAD7 and NF-κB p65 was identified.
The miRNA-15 family members, which include miR-15a, miRNA-15b, miRNA-16, miRNA-195, miRNA-424 and miRNA-497, were initially suggested to contribute to the inhibition of cardiomyocyte proliferation by repressing several cell cycle regulators (26) . Hullinger et al (19) demonstrated that the levels of miR-15 family members were increased following ischemia-induced cardiomyocyte cell death, and that inhibition of miR-15 family members reduced the infarct size following I/R injury. In addition, miR-15a and miR-15b were demonstrated to be upregulated in an animal model of I/R injury (27) . Furthermore, miRNA-15b was indicated to impair mitochondrial function by repressing ADP-ribosylation factor-like protein 2 (28). Liu et al (29) revealed that miRNA-15b may enhance H/R-induced apoptosis of cardiomyocytes by targeting the anti-apoptotic factor (B) Luciferase reporter assays were performed by co-transfection of H9c2 cells with luciferase reporters containing a wild-type or mutant SMAD7 3'UTR sequence together with a control vector or an miR-15a-expression vector. Luciferase activity was normalized to Renilla activity. ** P<0.01 vs. control. Representative western blot images and quantification of protein expression levels of (C) SMAD7, (D) cytosolic NF-κB p65 and (E) nuclear NF-κB p65 in H9c2 cells that were non-transfected or were transfected with a NC, miR-15a or anti-miR-15a. Data are presented as the mean ± standard deviation from three independent experiments. * P<0.05 and ** P<0.01 vs. H/R. SMAD7, mothers against decapentaplegic homolog 7; miR-15a, microRNA-15a; 3'-UTR, 3'-untranslated region; H/R, hypoxia/reoxygenation; NC, negative control; NF-κB, nuclear factor-κB; Mut, mutant.
Bcl2. The present study demonstrated that the expression of miR-15a is sensitive to H/R in H9c2 cells. Following 24 h hypoxia and 24 h reoxygenation, the expression of miR-15a increased significantly compared with the expression in the normoxia control group, which is consistent with previous observations suggesting that the miR-15 family is involved in cardiac I/R injury.
Although previous studies have confir med the pro-apoptotic activity of miR-15a in certain cancers, prior to the present study, it was unclear how miR-15a is involved in I/R injury. To elucidate the underlying mechanism of miR-15a in H/R-induced cardiomyocyte apoptosis, miR15a expression was regulated in H9c2 cells using a lentivirus. The presented results demonstrated that miR-15a inhibition decreased LDH and MDA release and reduced the cell apoptosis rate, whereas overexpression of miR-15a had the opposite effect. Therefore, inhibition of miR-15a may attenuate cell injuries and protect against H/R-induced cell apoptosis.
Using bioinformatics analysis, SMAD7 was identified as a potential target of miR-15a. Additionally, using luciferase assays, SMAD7 was confirmed to serve as a target of miR-15a. However, because miRNAs typically have multiple targets, other targets may contribute to the detrimental effects of miR-15a on I/R injury. As an inhibitory SMAD, SMAD7 is known to block NF-κB activation by inducing IκB expression and simultaneously inhibiting the TGF-β-induced SMAD signaling pathway. Conversely, the NF-κB subunit p65 may suppress TGF-β-SMAD signaling via upregulation of SMAD7 (30) . NF-κB, which comprises five subunits including p65, RelB, c-Rel, p50 and p52, regulates genes that are associated with immune response, inflammation, cell survival and proliferation (31, 32) . NF-κB is intimately involved in apoptosis and possesses pro-and anti-apoptotic effects in different types of cells and with different stimuli (33) (34) (35) . Among the five subunits, multiple studies demonstrated that NF-kB p65 activation in cardiomyocytes is pro-apoptotic (23, 34) . In resting conditions, NF-κB is localized in the cytoplasm and is bound to IκB. However, upon stimulation, IκB ubiquitination and degradation are triggered by IκB kinase-mediated IκB phosphorylation. This results in nuclear translocation of NF-κB, which activates the transcription of target genes. The current study demonstrated that the expression of miR-15a in H/R-induced H9C2 cells inhibits the expression of endogenous SMAD7 and activates the nuclear localization of NF-κB p65, whereas anti-miR-15a has the opposite effect. These results indicated that the upregulation of SMAD7 expression by miR-15a inhibition may provide a significant approach for the amelioration of H/R induced myocardial injury.
In conclusion, the present findings indicated that miR-15a inhibition protects cardiomyocytes against H/R-induced apoptosis by upregulating the expression of its target, SMAD7, and downregulating the NF-κB p65 subunit. Future studies should further elucidate the interaction between SMAD7 and NF-κB p65 in this process, how the pathway is integrated into apoptosis, and the potential interaction with the TGF-β signaling pathway. This may provide evidence for miR-15a as a potential therapeutic target for the treatment of cardiac I/R injury.
